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Today’s bulk power system is massive, complex, and very dynamic.  The U.S. power grid spans 
from coast to coast and even as far reaching as Canada.  With the addition of new technologies 
such as renewable energies and power electronics to aid in power conversion and control, the 
power system grows more complex by the day.  The most common approach of analyzing power 
system stability is through computer modeling and simulation.  Due to the vast size and 
inaccessibility of transmission systems, real time testing can prove difficult.  The motivation of 
this project was to design, simulate, and construct an IEEE 14 bus power system for future use in 
a lab setting to test, in real time, novel control techniques for various forms of generation and 
their impacts on the stability of the grid. 
This thesis presents the theory used to design and construct an IEEE 14-bus power system.  A 
comparison of results from modeling and simulation with actual lab data obtained from the 





1.1 History of the Grid 
In 1822, Edison lit up Pearl Street Station with the first complete electric power system.  Pearl 
Street station was a DC system that served 59 customers in a 1.5 km radius.  However, by 1866, 
the limitations of DC power systems became apparent.  Due to high line losses due to increased 
currents, higher voltage levels were needed to transmit power further distances.  These higher 
voltage levels needed were not acceptable by both generation and consumption at the time, and 
an easier way to transform voltages was needed.  With the invention of the transformer by L. 
Gaulard and J.D. Gibbs in 1881, and the purchase of the idea by Westinghouse, the United States 
AC power system was born. 
Not long after the invention of the transformer and its adoption by Westinghouse, Oregon built 
the first AC transmission system in 1889 that spanned 21 km.  By this time, with the 
development of three phase power, Nikola Tesla had several patents in the fields of AC motors, 
generators, and transmission.  Due to the simpler voltage level transformations, as well as 
simpler generation at AC than DC, AC became the standard for power transmission in the United 
States over DC. 
In the following decades, electric power transmission would see an incredible amount of growth.  
In 1893, the first three phase transmission line was built, a 12 km line at 2.3 kV.  As transmission 
systems became more and more common in the United States, varying operating frequencies 
were used.  These frequencies were as low as 25 Hz and reached as high as 133 Hz.  To 
standardize new power systems, the 60 Hz operating frequency was chosen.  In addition, to 
numerous frequencies in use, there was not a single uniform operating voltage.   
Early systems used 12, 44, and 60 kV, but by 1922, voltages exceeded 200 kV.  Higher and 
higher voltages were being obtained however.  By 1953, 330 kV was obtained, and by 1965, the 
first 500 kV line was energized.  Hydro Quebec energized the first 735 kV line in 1966, and by 
1969 voltage levels of 765 were obtained.  In order to avoid an unlimited number of voltages on 
the system, standard voltages classes and levels were declared.  High voltage levels were 
classified as 115, 138, 161, 230 kV and extra high voltages were defined as 345, 500, and 765 
kV. 
1.2 Today’s Modern Power Grid: Operation and Stability 
Due to numerous advances in various technologies, our power grid today is more dynamic than 
ever.  From dynamic, time varying loads, to high penetration of power electronic based 
components, and the dynamic nature of generation from renewable energies, controlling and 
maintaining a stable grid is of paramount importance.  Many common occurrences can cause our 
power system to tend towards instability, such as line faults, generator trips, and load-generation 
imbalance.  The consequences of instability can be large scale rolling blackouts across the 
system, leaving thousands, or sometimes millions, without power.   
Stability is defined as a system’s capability to return to equilibrium after a disturbance.  Power 
systems analysis is concerned with three types of stability: steady state, small signal, and large 
signal.  Steady state stability is concerned with the system in its pre-faulted state.   
This state is typically the normal state of operation of the system before a disturbance is 
introduced to the system.  Small signal stability pertains to stability of the system when a 
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disturbance occurs and the system can return to the same equilibrium points it was previously at 
during its pre-faulted state.  Lastly, large signal stability is any disturbance or fault on the system 
that permanently changes the topography of the power system.  Under these circumstances, the 
power system will return to an equilibrium, but it will be different than the steady state 
equilibrium it was at before the fault occurred.   
The following sections provide a basic introduction to the important operational concerns of 
maintaining a stable power grid. 
1.2.1 Voltage Stability 
Transmission companies commonly define a healthy bus voltage range of 1.05 to .95 per unit 
(P.U.) during stable operation and disturbed conditions. Bus voltage is impacted by changes in 
load attached to that bus.  Loads are commonly inductive in nature, which absorb reactive power.  
Due to the limited availability of reactive power, this in turn reduces the voltage at the bus.  This 
can be remedied by adding additional capacitance at the bus, thus increasing the amount of 
reactive power supplied to the load, decreasing reactive power demand at the source, and 
improving the source voltage. 
Voltage instability occurs when, if for any one bus in the system, there is a negative change in 
voltage, V, when a positive change in reactive power, Q, occurs.  To illustrate, Fig. 1, shown 
below can be used to represent a radial network.   
 
Figure 1. Simple AC system with source, line, and load.[1] 
In Figure 1 ?̃?𝑆  is the voltage source, ZLN is the line impedance, I
~ is the line current, VR~ is the 
bus voltage, PR is the active power, and ZLD is the load impedance. 
In Figure 2, the ratio of bus voltage to source voltage, line current to short circuit current, Isc, and 
load power to max load power, are all plotted against the ratio of line impedance to load 
impedance.  These values have all been normalized to make them applicable to across all 
transmission line impedances.  Max power delivery to the load occurs at a critical value of the 
voltage ratio, VR/Es .  What this figure shows us is that the bus voltage decreases at a faster rate 
than the current ratio can increase, so the power delivered to the load begins to increase as 
voltage decreases beyond the critical value. 
Figure 3 is a plot of the power versus bus voltage, where the dotted line indicates the critical 
point defined previously as the voltage at which maximum power occurs.  This plot demonstrates 
that as more reactive power is injected into the bus, higher voltage profiles can be obtained to 
supply higher power demands of loads.  This plot demonstrates a positive correlation between 
bus voltage and power.  However, in the case of a negative relation, where in more reactive 
3 
 
power injection results in more of a decrease in bus voltage, this would indicate voltage 
instability in the system. 
 
 
Figure 2. Ratio of bus to source voltages in comparison to ratios of power, 
currents, and loads.[1] 
 
 




1.2.2 Rotor Stability 
Figure 4 represents a two-machine system connected by a line of some impedance, Z.  The 
power flow between the two machines is a function of both bus voltages, the line impedance, and 
the rotor angle of machine 1.   




sin(𝛿)     (1.1)    
where P is the power from machine 1 to machine 2, Vn is the bus voltage at bus n, Z is the line 
impedance, and δ is the rotor angle.  
 
 
Figure 4. Two machine system connected by 
transmission line.[1] 
 
In Figure 5, the output power is plotted as a function of rotor angle delta.  As shown, the output 
power increases as  𝛿 increases, up until a certain point, when it reaches 90 degrees.  After this 
point, the output power begins to decrease.  This power-angle relationship is important to 
understand to predict the behavior of generators during disturbances. 
 
Figure 5. Output power of generator vs. rotor angle.[1] 
 
If a disturbance in the system causes one generator to speed up, increasing the angle, 𝛿, of the 
rotor, this will create an angle difference between the slower generators in the system and the 
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accelerated generator.  From the figure below, if a point is reached where the angular separation 
gets too large, beyond 90 degrees, the power will begin to drop off.  This will cause rotor speeds 
to further accelerate to meet the power demand, driving the system toward instability.  
Figure 6 illustrates various cases in which rotor instability occurs by plotting rotor angle versus 
time.  In case 1, a disturbance occurs that causes rotor angle instability, but the system can damp 
out any oscillations and return the system to stability.   
Cases 2 and 3 depict situations where disturbances in the system cause complete rotor instability 
and thus, system instability.  With today’s protective devices, large oscillations in voltage and 
currents caused by rotor instability can be detected and protective devices can remove the 
unstable generator from the system in a matter of cycles. 
 
Figure 6. Various cases of rotor angle over time 
demonstrating stability and instability.[1] 
 
1.2.3 Frequency Stability 
As noted earlier, countries have a standard operating frequency commonly 50 or 60 Hz.  In the 
United States, 60 Hz is the standard frequency, while 50 Hz is commonly found across Europe.  
This frequency corresponds to a balance between the power supplied by generation sources and 
the power consumed by loads.  This operating frequency is used to keep system stability, as well 
as ensure power quality provided to consumers.   
Any deviation from this nominal operating frequency corresponds to an imbalance in generation 
and load.  If the frequency rises above nominal, this means that there is more generation than 
load, and vice versa, a drop in frequency means that the load of the system is greater than 
generation.  Due to the primary source of generation in our bulk power system being from 
synchronous generators, which inherently have large amounts of stored energy in the inertias 
from their rotating mass, the grid tends to be robust against large frequency deviations.  
However, issues can arise in grids largely penetrated by renewable resources such as 
Photovoltaics (PV), which contain no inertia and must rely on power electronics to maintain 
frequency stability in case of change of demand. 
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The inertia of the synchronous generator can provide a control response in a matter of seconds, 
but if the system is still not stable, secondary controllers are used.  These secondary controllers 
include generator governors to increase output of generation, or manual dispatch of generation.  
Manual dispatch usually means employing faster responding generation, such as hydroelectric, to 
increase the generation on the grid to balance to load.  In worst case scenarios, load shedding is 
performed to remove as much as load as quickly as possible to stabilize grid frequency. 
1.3 Motivations for and Contributions of this Work 
The most common approach of analyzing power system stability is through computer modeling 
and simulation.  Due to the vast size and inaccessibility of transmission systems, real time testing 
can prove difficult.  The motivation of this project was to design, simulate, and construct an 
IEEE 14 bus power system to be used in a lab setting to test, in real time, novel control 
techniques for various forms of generation and their impacts on the stability of the grid.  To the 
best of the writer’s knowledge, such a system has not been built and operated yet for these 
purposes.  The 14-bus system is shown in Figure 7 below. 
Chapter 2 will provide the theoretical background in power, the per unit system, and a brief 
explanation of the theory to solve for power flows in power systems.  Chapter 3 will demonstrate 
the design of our own test system, construction of the system, and test set up.  Chapter 4 is a 
presentation of experimental results.  Lastly, a conclusion of the project and results can be found 
in Chapter 5. 
 




2 Power System Analysis Techniques 
2.1 Theory to Date 
 Many mathematical tools have been developed over the centuries that are commonly used 
to aid in the design and analysis of power systems.  The goal of this chapter is to introduce those 
tools to better understand the procedure used to develop the 14-bus test system presented in this 
paper.  Section 2 is a brief overview of the equations used to relate power, voltages, and currents 
in three phase circuits.  Section 3 is explanation of the per-unit system.  Section 4 is a derivation 
of the load flow problem and an explanation of the Newton-Raphson method used to solve the 
power-flow equations. 
2.2 Three Phase Power 
This section will provide a brief overview of the equations used to solve for parameters in the 
constructed power system.  For the scope of this paper, it is assumed the reader has prior 
knowledge of AC circuit analysis.  Defining voltage, current, and impedance in phasor form 
yields  
𝑣 = |𝑉|∡𝛿𝑣       (2.1) 




       (2.3) 
Recalling that apparent power, S, in 3 phase systems is [3] 
𝑆3𝜑 = 3 ∗ 𝑉𝜑 ∗ 𝐼𝜑
∗ = √3𝑉𝐿−𝐿𝐼𝐿
∗     (2.4) 
the apparent power may be expressed in polar form as  
𝑆3𝜑 = 𝑃3𝜑 + 𝑗𝑄3𝜑       (2.5) 
𝑃3𝜑 = √3𝑉𝐿−𝐿𝐼𝐿 cos𝜃     (2.6) 
𝑄3𝜑 = √3𝑉𝐿−𝐿𝐼𝐿 sin 𝜃     (2.7) 
The above equations were used to calculate system parameters derived from load flow analysis. 
2.3 Per Unit System Representation 
As discussed in Chapter 1, voltage transformation is the primary reason for our use of AC power 
in the bulk power system.  Generation occurs at voltages that are not suitable for long distance 
transmission of power, and the voltages used for transmission are not suitable for consumption in 
a home.  This use of various and changing voltage levels, and solving for resulting line currents, 
can get very complicated when referring to very large-scale systems with numerous 
transformations.  The per unit system representation is used to alleviate this issue and make 
analysis more practical. 
To use this type of representation, base values must be declared for the system.  In total, there are 
four bases needed: current, power, voltage, and impedance.  However, only two must be defined, 
and the other two will be solved for.  Once the set of base values is determined for each voltage 
class, other quantities appear in percentage values of that base.  What makes this method so 
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appealing is that the per-unit and percent values obtained all express the same relationships 
found in Ohm’s law and Kirchoff’s voltage and currents laws.  
As stated, two of the four base quantities can be set arbitrarily, typically voltage and power.  
From there, current and impedance and the per unit values can be derived from the following 
relations [6].  
























It is important to note in the three phase systems: three phase kVA may be used for base power 
and line-to-line voltage may be used for base voltage.   
2.4 Power Flow 
2.4.1 The Power Flow Problem 
Power flow studies are employed by transmission and utility companies and are of extreme 
importance in transmission expansion planning (TEP), operation, and control.  The main results 
of these studies are real and reactive powers, as well as voltage magnitude and angle at each bus 
in the system.  However, much more useful information is provided from the study, including 
line currents and line losses.   
Power flow studies performed on real power systems are carried out over computers because of 
the size and complexity of the systems, as well as the complexity of the mathematical procedures 
used to solve them.  An iterative mathematical procedure is performed because of the nonlinear 
relationship between voltage and power, as well as receiving-end voltages, not generation 
voltages, are typically unknown quantities that must be solved for.  This section will provide a 
brief derivation of the problem, and the Newton Raphson method that is used to solve the system 
of nonlinear equations. 
The first necessary piece required in the power flow solution is the admittance matrix, or Ybus.  









𝑌𝑖𝑗 = |𝑌𝑖𝑗|∡𝜃𝑖𝑗 = |𝑌𝑖𝑗| cos𝜃𝑖𝑗 + 𝑗|𝑌𝑖𝑗| sin 𝜃𝑖𝑗 = 𝐺𝑖𝑗 + 𝑗𝐵𝑖𝑗  (2.9) 
where n is the total number of buses in the system.  It is important to note that the off-diagonal 
elements of each Ybus element are the negative of the line admittance from bus k to n (where k 
=1,2,3,...n), and the diagonal elements are the sum of all admittances connected to that bus and 














]     (2.10) 
or 
𝐼𝑏𝑢𝑠 = 𝑌𝑏𝑢𝑠𝑉𝑏𝑢𝑠 . 
Using Kirchoff’s Current Law, the current entering node k can be expressed by 
𝐼𝑘 =  ∑ 𝑌𝑘𝑛𝑉𝑛
𝑁
𝑛=1         (2.11) 
where Vn is defined as in (2.1).  From this equation, we can derive the set of N equations that 
make up the power flow equations used in the solution to the power flow problem.  Equation 
(2.11) can also be expressed as [2] 




      (2.12)  
if we use the following definition 
𝑉𝑘
∗𝐼𝑘 =  𝑃𝑘 − 𝑗𝑄𝑘        (2.13) 
then 





      (2.14)  
yielding 




   (2.15) 
 
Expanding this equation into real and reactive parts gives us the nonlinear, power flow equations 
in polar form, that give us calculated values for powers P and Q entering networks at each bus 
 




cos(𝜃𝑖𝑛 + 𝛿𝑛 − 𝛿𝑖)    (2.16) 




sin(𝜃𝑖𝑛 + 𝛿𝑛 − 𝛿𝑖)    (2.17) 
2.4.2 Newton-Raphson Power-Flow Solution 
In this section, the Newton-Raphson solution to the set of nonlinear power flow equations 
derived in the previous section will be discussed.  As stated earlier, due to the nonlinear relation 
between voltage and power in a 3 phase AC power system, an iterative mathematical procedure 
must be used to solve for power flows in the system.  This section will already assume the reader 
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has a general understanding of the procedure itself and will mainly discuss the solution as it 
pertains to power systems.  We begin by rewriting (2.16) and (2.17) to include conductance and 
susceptance, as in [2], 
𝑃𝑘 = |𝑉𝑖|




cos(𝜃𝑖𝑛 + 𝛿𝑛 − 𝛿𝑖)  (2.18) 
𝑄𝑘 = −|𝑉𝑖|




sin(𝜃𝑖𝑛 + 𝛿𝑛 − 𝛿𝑖)  (2.19) 
Considering all non-slack buses in the system, P and Q are known values and initial estimates for 
δ and V, which correspond to the initial estimates of the Newton-Raphson method.  Additionally, 
the mismatch equations are substituted with the injected powers at each bus, expressed as in [2] 
∆𝑃𝑖 = 𝑃𝑖,𝑠𝑐ℎ − 𝑃𝑖,𝑐𝑎𝑙𝑐        (2.20) 
∆𝑄𝑖 = 𝑄𝑖 ,𝑠𝑐ℎ − 𝑄𝑖 ,𝑐𝑎𝑙𝑐       (2.21)  



















∆|𝑉𝑁 | (2.22) 
Multiplying and dividing the terms containing voltages by their magnitudes does not alter their 







∆𝛿3 + ⋯ +
𝜕𝑃𝑖
𝜕𝛿𝑁
























∆𝛿3 + ⋯ +
𝜕𝑄𝑖
𝜕𝛿𝑁
















      (2.24) 
 









































































































  (2.25) 
This nonlinear system of equations has a solution that is obtained through an iterative process.  
Each iteration is performed as follows, from [2]: 
1.) Initial estimates of δ and V are used to obtain values for Pi,calc and Qi,calc.  With these 
values, the power mismatch equations can be solved as well as the partial derivates of the 
Jacobian matrix. 
2.) Solve (2.25) for initial corrections. 
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3.) Add the values of the solved corrections to the initial guesses. 
4.) Repeat steps 1-3 until the values of corrections converge within an acceptable value, 
typically defined as ε. 
Chapter 2 presented the theory used in the design and simulation of the load flow and power 
system.  With this theory, calculations were used to determine line currents, power consumptions 
and flows along lines, as well as line impedances.  The following chapter utilizes this theory to 




3 The IEEE 14 Bus Test System 
3.1 Introduction 
This chapter will outline the procedure used to develop the IEEE 14-bus system built for a lab 
setting and testing.  Section 1 will provide an explanation of the IEEE 14-bus system and how an 
initial load flow was used on the system.  In Section 3.2, the process of determining line 
impedance values, as well as line currents flows, in Microsoft Excel to determine our design 
criteria is explained.  In Section 3.3, component design and selection are discussed.  In Section 
3.4, overall construction of the test system is discussed. 
3.2 Line Impedance Calculations 
The IEEE 14 Bus test system is a very simple representation of the American power grid 
as of 1962.  The classic test case consists of 5 generators, 11 loads, and 14 buses.  The test data 
used for our initial designs are found in Appendix A.  Declaring base values are as follows 
𝐵𝑎𝑠𝑒 𝑃𝑜𝑤𝑒𝑟 = 10 𝑘𝑉𝐴 
𝐵𝑎𝑠𝑒 𝑉𝑜𝑙𝑡𝑎𝑔𝑒 = 230 𝑉  
These bases were chosen because of the rated power of the generators available to us in 
the lab, and 230 V is the line-to-line voltage of utility at the lab.  Using the equations from the 









  = 5.29       (3.2) 
We used an operating frequency of 60 Hz, corresponding to a radian frequency, ω, of 377.  
Recalling the relationships between base values, per unit values, and actual values, the actual line 
resistances, inductances, and capacitances were determined.  These values, calculated in an Excel 
spreadsheet, are shown below in Table 1.  
3.3 Inductor Design and Line Resistances 
With approximate values of line impedances, component selection and design could then be 
accomplished.  For our purposes, 10 AWG was chosen for the lines.  However, as will be 
discussed in the section regarding the inductor design, 14 AWG was used on the inductors for 
ease of winding.  Thus, the limiting factor for line current in our test system is the ampacity of 14 
AWG wire, 32 amps. 
Once each line inductance value was determined through the Y bus and Microsoft Excel 
spreadsheet, a lumped element inductor could be made to match that value.  Metglas Amorphous 
Iron C Cores from Elna Magnetics were used as the core for the inductors.  The exact dimensions 
can be found in Appendix B.  Given the dimensions and permeability of the core, the reluctance 




        (3.3) 
where 𝜇 is the permeability, lcore is the electrical length of the core, and A is the cross sectional 
area of the core.   
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Table 1. Line impedance parameters for R, L and C converted from 











0.1025202 0.3130093 0.009981 0.000831 2.65E-05 
0.2858187 1.1798816 0.009301 0.003131 2.47E-05 
0.2485771 1.0472613 0.00828 0.002779 2.2E-05 
0.3074019 0.9327328 0.006427 0.002475 1.71E-05 
0.3012655 0.9198252 0.006541 0.002441 1.74E-05 
0.3544829 0.9047487 0.00242 0.002401 6.42E-06 
0.0706215 0.2227619 0 0.000591 0 
0 1.1062448 0 0.002936 0 
0 2.9421922 0 0.007808 0 
0 1.3331858 0 0.003538 0 
0.5024442 1.052181 0 0.002792 0 
0.6501939 1.3532349 0 0.003591 0 
0.3499335 0.6891283 0 0.001829 0 
0 0.9318335 0 0.002473 0 
0 0.5819529 0 0.001544 0 
0.1682749 0.447005 0 0.001186 0 
0.6724119 1.4303102 0 0.003796 0 
0.4340445 1.0160503 0 0.002697 0 
1.1686668 1.0573652 0 0.002806 0 










        (3.4)  
Solving for N, the number of turns, yields 
𝑁 = √𝐿𝑅        (3.5) 
The value obtained is the number of turns to meet the desired line inductance.  These 
calculations were all performed in Excel for each line in the system and the results contained in 
Table 2 .  
Table 2. Line inductances and number of turns required 










1 1 2 0.83 21 
2 1 5 3.13 40 
3 2 3 2.78 38 
4 2 4 2.47 35 
5 2 5 2.44 35 
6 3 4 2.40 35 
7 4 5 0.59 17 
8 4 7 2.90 39 
9 4 9 7.80 63 
10 5 6 3.54 42 
11 6 11 2.79 38 
12 6 12 3.59 43 
13 6 13 1.82 30 
14 7 8 2.47 35 
15 7 9 1.54 28 
16 9 10 1.18 25 
17 9 14 3.79 44 
18 10 11 2.69 37 
19 12 13 2.80 38 
20 13 14 4.88 50 
 
Given the size wire used for the cores, dimensions of the core, and number of windings need for 
the inductor, the total resistance of each core could be determined.  Again, this was done quickly 
in Excel, and the results shown in Table 3.  The column “lump R on line” represents the value of 
the lump resistance on the line contributed by the component ordered.   
Line resistances in normal transmission systems are distributed values that occur over many 
miles of line.  For our test set-up, lump element line resistances were used to match 
approximately the line resistances of the load flow values.  However, due to lumped element 
resistances and inductor wire winding resistances adding in series, this results in the test system 
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Table 3: Total line resistances considering resistance 
















21 1477.43 0.122 0.2 0.322 
40 2868.45 0.237 0.3 0.537 
38 2702.44 0.223 0.2 0.423 
35 2550.39 0.211 0 0.211 
35 2532.68 0.209 0.2 0.409 
35 2511.84 0.208 0 0.208 
17 1246.37 0.103 0.2 0.303 
39 2777.50 0.23 0 0.230 
63 4529.65 0.375 0 0.375 
42 3049.12 0.252 0.4 0.652 
38 2708.78 0.224 0.5 0.724 
43 3071.96 0.254 0.7 0.954 
30 2192.19 0.181 0.4 0.581 
35 2549.16 0.211 0 0.211 
28 2014.52 0.166 0 0.166 
25 1765.57 0.146 0.3 0.446 
44 3158.23 0.261 0.7 0.961 
37 2661.87 0.22 0.5 0.72 
38 2715.45 0.2248 1.0 1.225 
50 3583.10 0.2967 0.7 0.997 
 
having higher line resistance values than the original IEEE 14 bus.  It is important to note that 
power handling capabilities of the resistors were considered during resistor selection. 
Due to extensive back order times and limited supplies, not all line resistances were able to be 
purchased.  Additionally, lines involving transformers were modeled as purely inductive.  Our 
test system does not utilize any voltage transformations and instead an assumption of X/R of 10 
was used. 
Line capacitance was neglected in our test set up due to ordering complications, but addition of 
line capacitance can be something considered for future iterations of the test system.   
3.4 System Construction 
Upon completion of inductors, as well as arrival of line resistance, construction of the test system 
could take place.  Grainger wire terminals with a max wire size of 10 AWG were used for the 
bus terminals.  The entire system was mounted on a 4’x4’ polycarbonate board of 1.25” 
thickness.  The board is supported using T-Slot rails.  T-Slots were used for both their durability, 
as well as ease of assembly.  The completed test system is shown below in Figure 8.  





Figure 8. Constructed 14-bus power system. 
 
Given new line resistance values for our completed system, a new Ybus admittance matrix had to 
be developed.  A reverse process was used from the one originally used to obtain the values for 
initial design.  From the known line resistance and inductances in the system, per unit 
impedances were determined and shown in the following chapter.   
 




4 Simulation and Results 
4.1 Introduction 
After construction was completed, simulations of the system were performed of a system with 
one source and two purely resistive loads.  The test system was connected to two purely resistive 
loads and three-phase power from utility.  After the first load flow was performed, iteration 1 as 
it is called in this paper, measurements of line voltages and line current magnitudes were done.  
For iteration 2, the line voltages recorded during the first iteration were entered in a second load 
flow, and the simulation was performed again with updated voltages.  This chapter will discuss 
the results of simulation and compare them against measured results from the test system. 
4.2 Simulation 
Simulations were performed in MATLAB using a load flow script.  The system topology and 
line impedances are defined below. The loads were calculated by first measuring the single-
phase resistance. Using equation (4.1) and 120 V, the single-phase power consumption was 
calculated.  Lastly, summing up the 3-phase power and dividing by the base yields the per unit 




      (4.1) 
 
Table 4. Measured loads by phase at buses 9 and 13 and the conversion to Per Unit Values 
used in MATLAB script. 
Phase Loads 
(Ω) 




Bus 13 Per 
Unit 



















Table 5 provides the results from modeling a 14-bus power system with one generator at bus 1 
and two loads, located at buses 9 and 13.  The simulation provides the ability to model both 
resistive and reactive loads.  In the simulation the loads considered were both resistive and 
inductive. Capacitive loads were not considered because measurements of capacitance in the 
system indicated that the effects would be minimal. 
Table 6 contains the resistance, inductance and capacitance  values necessary to generate the 
results in Table 5.  The first two columns of Table 6 represent the interconnections of the buses 
by the appropriate line  The impedances were measured multiple times in the laboratory to 
support the modeling effort..  The load flow simulation utilizes the information to calculate 





Table 5: Initial load flow values to simulate test set up of one source at bus 1 and 2 loads at 



















1 1.06 0 1 0 0 0 
2 1.045 0 0 0 0 0 
3 1.01 0 0 0 0 0 
4 1 0 0 0 0 0 
5 1 0 0 0 0 0 
6 1.03 0 0 0 0 0 
7 1 0 0 0 0 0 
8 1.03 0 0 0 0 0 
9 1 0 0 0 0.0941 0 
10 1 0 0 0 0 0 
11 1 0 0 0 0 0 
12 1 0 0 0 0 0 
13 1 0 0 0 0.098 0 
14 1 0 0 0 0 0 
 
 
Table 6. Line impedances used in load flow analysis to obtain Table 5 results. 
From Bus To Bus R (per unit) L (per unit) C (per unit) 
1 2 0.061000 0.05917 0 
1 5 0.101620 0.22304 0 
2 3 0.080000 0.19797 0 
2 4 0.039900 0.17632 0 
2 5 0.077460 0.17388 0 
3 4 0.039325 0.17103 0 
4 5 0.057320 0.04211 0 
4 7 0.043400 0.20912 0 
4 9 0.070900 0.55618 0 
5 6 0.123350 0.25200 0 
6 11 0.136927 0.19890 0 
6 12 0.180400 0.25581 0 
6 13 0.109900 0.13027 0 
7 8 0.039100 0.17615 0 
7 9 0.031500 0.11001 0 
9 10 0.084000 0.08450 0 
9 14 0.181770 0.27038 0 
10 11 0.136192 0.19207 0 
12 13 0.21549 0.19880 0 






From these values, a script to set up the Ybus matrix was run.  The results are shown in Table 7. 






1,1 10.137-11.905i 7,7 4.584-18.383i 
2,1 -8.446+8.192i 9,7 -2.408+8.399i 
5,1 -1.691+3.712i 1,5 -1.691+3.712i 
1,2 -8.446+8.192i 2,5 -2.137+4.798i 
2,2 13.562-22.727i 4,5 -1.566+3.201i 
3,2 -1.756+4.34i 6,5 -11.330+8.324i 
4,2 -1.2217+5.394i 5,5 16.726-20.0367i 
5,2 -2.137+4.798i 4,9 -0.225+1.769i 
2,3 -1.756+4.34i 7,9 -2.4081+8.3997i 
3,3 3.033-9.889i 10,9 -5.9172+5.927i 
4,3 -1.276+5.553i 10,10 8.373-9.392i 
6,6 9.5398-13.706i 11,10 -2.456+3.4645i 
5,6 -1.566+3.201i 6,11 -2.348+3.4111i 
11,6 -2.348+3.4111i 10,11 -2.4566+3.464i 
12,6 -1.841+2.610i 11,11 4.804-6.8756i 
13,6 -3.783+4.483i 6,12 -1.841+2.610i 
8,8 1.223-5.399i 12,12 4.3159-4.7468i 
7,8 -1.223+5.399i 13,12 -2.474+2.136i 
2,4 -1.2217+5.394i 6,13 -3.783+4.483i 
3,4 -1.276+5.553i 12,13 -2.474+2.136i 
4,4 15.008-25.625i 13,13 7.461-8.8417i 
7,4 -0.953+4.58i 14,13 -1.203+2.222i 
5,4 -11.330+8.324i 9,14 -1.7125+2.547i 
9,4 -0.225+1.769i 13,14 -1.203+2.222i 
8,7 -1.223+5.399i 14,14 2.915-4.769i 
4,7 -0.953+4.58i   
 
 
As discussed in Chapter 2, with the topology defined and Ybus defined, load flow can be 
performed to solve for the bus voltages and resulting line flows in the system.  Those results are 
shown in Table 8. 
From the line flows, current can be derived.  The values of the line flows were imported into an 
Excel spread sheet and using the defined base values mentioned in Chapter 3, current magnitudes 






𝑆 = √3𝑉𝐼 =  𝑃 + 𝑗𝑄  
and solving for I yields, 
𝐼 =  
𝑆
√3𝑉
        (4.1) 
 we are solving for the magnitude of I because that is what we will measure throughout the 
network of our test set up.  The calculated results from simulated results are shown in Table 8.  It 
is important to note that for three-phase values such as currents and voltages, an aggregate value 
is used. This aggregate value is the average value of the three-phase voltage at a bus or the three-
phase current on a line.  For line current calculations, V is an average of the system voltages.  In 
iteration 1 and 2, the system aggregate voltage used was 233.95 V. 













1 1.0600 0 0.2019 0.1906 0 0 
2 1.0450 -0.0095 0 0.0887 0 0 
3 1.0100 0.3209 0 -0.3264 0 0 
4 1.0300 -1.3606 0 -0.0738 0 0 
5 1.0300 -1.1428 0 -0.0651 0 0 
6 1.0362 -0.3624 0 0 0 0 
7 1.0411 -1.2815 0 0 0 0 
8 1.0407 -0.4387 0 0 0 0 
9 1.0502 -1.8849 0 0 0.0941 0 
10 1.0464 -1.7513 0 0 0 0 
11 1.0383 -1.5568 0 0 0 0 
12 1.0286 -1.6625 0 0 0 0 
13 1.0261 -1.9320 0 0 0.0980 0 
14 1.0393 -1.8744 0 0 0 0 
 
 
Table 9 was used to calculate line currents from the results of the load flow.  Given the real and 
reactive power flows in per unit in columns four and five and converting them to actual real and 
reactive powers in columns six and seven, apparent power, S, is calculated in column eight.  
From S, and by knowing the system operating voltage, the corresponding line currents could be 
calculated and the current’s magnitude in columns nine and ten. 
4.3 Experimental Results 
4.3.1 Iteration 1 
 The network was connected to three phase powers from the utility and two, three phase 
resistive loads.   An amp meter was used to measure the magnitude of the line currents and 
compare them with the calculated values from simulation.  The percent difference was calculated 





Table 9. Calculated line current magnitude from simulated power flows in lines using 
Equation (4.1). 
 








ACT Q  S  I= 
 S/(1.73 * Vavg) 
I MAG  
1 1 2 0.1358 0.1287 
135
8 1287 1358+1287i 
3.43+3.25i 4.73 




3 2 3 0.0379 0.1695 379 1695 379+1695i 0.95+4.28i 4.40 
4 2 4 0.0473 0.0417 473 417 473+417i 1.19+1.05i 1.60 
5 2 5 0.0488 0.0044 488 44 488+44i 1.23+0.11i 1.24 
6 3 4 0.0356 -0.1624 356 -1624 356-1624i 
0.90-4.10i 4.21 
7 4 5 -0.0409 -0.0551 -409 -551 -409-551i -1.03-1.39i 1.74 
8 4 7 0.0746 -0.0394 746 -394 746-394i 1.88-0.99i 2.13 
9 4 9 0.048 -0.0315 480 -315 480-315i 1.21-0.79i 1.45 
10 5 6 0.0728 0.009 728 90 728+90i 1.84+0.22i 1.86 
11 6 11 -0.0077 -0.0379 -77 -379 -77-379i -0.19-0.95i 0.98 
12 6 12 0.0172 -0.0066 172 -66 172-66i 0.43-0.16i 0.47 
13 6 13 0.0627 -0.0216 627 -216 627-216i 1.58-0.54i 1.68 
14 7 8 0.0002 0.0658 2 658 2+658i 0.00+1.66i 1.67 
15 7 9 0.0741 -0.1065 741 -1065 741-1065i 1.87-2.69i 3.28 
16 9 10 0.0082 0.0386 82 386 82+386i 0.20+0.97i 1.00 
17 9 14 0.0191 0.0295 191 295 191+295i 0.48+0.74i 0.89 
18 10 11 0.0081 0.0384 81 384 81+384i 0.20+0.97i 0.99 
19 12 13 0.0171 -0.0067 171 -67 171-67i 0.43-0.17i 0.46 
20 13 14 -0.0187 -0.0288 -187 -288 -187-288i -0.47-0.73i 0.87 
 
Table 11 displays the aggregate voltage of each bus simulated and compares it was the measured 
voltages at each bus.  The majority of differences range from four to five percent off between 
measured and simulated, as shown in the “% diff” column. 
 
Here, and throughout the paper, %difference is defined as 
%𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 = 100 − (
𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑
𝑆𝑖𝑚𝑢𝑙𝑎𝑡𝑒𝑑




Table 10. Measured line currents for each phase and the difference 
between measured and simulated. 
A B C I agg Iteration 1 % diff 
2.72 3.41 3.95 3.36 4.73 29.03 
3.43 2.69 3.05 3.05 2.29 -33.38 
0.58 0.64 0.67 0.63 4.40 85.66 
1.24 1.51 1.86 1.53 1.60 3.69 
1.03 1.35 1.2 1.19 1.24 3.75 
0.54 0.61 0.68 0.61 4.21 85.50 
1.54 0.93 1.19 1.22 1.74 29.74 
1.98 2.41 2.3 2.23 2.13 -4.454 
1.29 0.58 1.41 1.09 1.45 24.74 
2.87 3.38 3.06 3.10 1.86 -67.18 
0.44 0.62 0.2 0.42 0.98 57.08 
0.54 0.75 0.56 0.61 0.47 -32.27 
2.10 2.10 2.29 2.16 1.68 -28.91 
0.00 0.00 0.00 0.00 1.67 100 
2.02 2.30 2.37 2.23 3.28 32.07 
0.45 0.60 0.20 0.41 1.00 58.27 
0.35 0.29 0.21 0.28 0.89 68.14 
0.43 0.62 0.20 0.41 0.99 58.04 
0.53 0.76 0.54 0.61 0.46 -31.25 
0.34 0.26 0.17 0.25 0.87 70.46 
 
 
Table 11. Measured line to line voltages and the differences between measured and simulated. 
Bus A/B B/C A/C V agg V agg 
(per unit) 
V SIM % diff 
1.00 231.2 230.4 230.4 230.6 1.00 1.0600 5.38 
2.00 230.2 229.2 229.5 229.6 0.998406 1.0450 4.45 
3.00 229.2 228.9 229.1 229.0 0.995942 1.0100 1.39 
4.00 229.5 227.9 228.8 228.7 0.994493 1.0300 3.44 
6.00 229.7 224.2 227.2 227.0 0.987101 1.0362 4.73 
7.00 226.2 225.6 228.3 226.7 0.985652 1.0411 5.32 
8.00 226.3 225.5 228.2 226.6 0.985507 1.0407 5.30 
9.00 227.2 224.3 228 226.5 0.984783 1.0502 6.22 
10.00 227.5 224.3 228 226.6 0.985217 1.0464 5.84 
11.00 229.0 223.6 227.7 226.7 0.985942 1.0383 5.04 
12.00 228.8 223.3 226.4 226.1 0.983333 1.0286 4.40 
13.00 228.0 222.8 225.5 225.4 0.980145 1.0261 4.47 





4.3.2 Iteration 2 
For iteration 2, a second load flow was performed on the test system, this time updating the bus 
voltages to reflect the ones measured in iteration 1, which are shown in Table 12. 






















1 1.00289 0 1 0 0 0 
2 0.9984 0 0 0 0 0 
3 0.995942 0 0 0 0 0 
4 0.994493 0 0 0 0 0 
5 0.995362 0 0 0 0 0 
6 0.987101 0 0 0 0 0 
7 0.985652 0 0 0 0 0 
8 0.985507 0 0 0 0 0 
9 0.984783 0 0 0 0.0941 0 
10 0.985217 0 0 0 0 0 
11 0.985942 0 0 0 0 0 
12 0.983333 0 0 0 0 0 
13 0.980145 0 0 0 0.098 0 
14 0.983623 0 0 0 0 0 
 
 
Table 13 contains the results of the second iteration of the MATLAB load flow calculation.  The 
calculated line current magnitudes from the line flows of iteration 2 load flow. 
Table 13:  Iteration 2 load flow results with updated bus voltage to reflect measured results. 




Load P Load Q 
1 1.0029 0 0.1978 -0.0492 0 0 
2 0.9984 -.5910 0 0.0676 0 0 
3 0.9959 -.8903 0 0.0004 0 0 
4 0.9945 -1.1518 0 -0.1114 0 0 
5 0.9953 -.9525 0 -0.0899 0 0 
6 0.9998 -2.4046 0 0 0 0 
7 1.0098 -2.2449 0 0 0 0 
8 1.0098 -2.2449 0 0 0 0 
9 1.0173 -2.8504 0 0 0.0941 0 
10 1.0141 -2.7358 0 0 0 0 
11 1.0071 -2.5707 0 0 0 0 
12 0.9981 -2.7191 0 0 0 0 
13 0.9954 -2.9885 0 0 0.0980 0 




Table 14 contains the measured line currents from iteration 1, compared to the simulated values 
of iteration 1 and iteration 2.  
Table 14. Line current magnitudes calculated from power flows of iteration 2. 




S I=  
S/(1.73 * Vavg) 
I MAG 
1 1 2 0.1231 -0.0499 1231 -499 1231-499i 3.11-1.26i 3.36 
2 1 5 0.0747 0.0007 747 7 747+7i 1.89+0.01i 1.89 
3 2 3 0.027 0.0018 270 18 270+18i 0.68+0.045i 0.68 
4 2 4 0.0572 0.0094 572 94 572+94i 1.44+0.23i 1.46 
5 2 5 0.0378 0.0054 378 54 378+54i 0.95+0.13i 0.96 
6 3 4 0.0269 0.002 269 20 269+20i 0.68+0.05i 0.68 
7 4 5 -0.0376 0.0324 -376 324 -376+324i -0.95+0.81i 1.25 
8 4 7 0.0735 -0.087 735 -870 735-870i 1.85-2.20i 2.88 
9 4 9 0.048 -0.0461 480 -461 480-461i 1.21-1.16i 1.68 
10 5 6 0.0742 -0.0529 742 -529 742-529i 1.87-1.33i 2.30 
11 6 11 -0.007 -0.0315 -70 -315 -70-315i -0.17-0.79i 0.81 
12 6 12 0.0176 -0.0054 176 -54 176-54i 0.44-0.13i 0.46 
13 6 13 0.0625 -0.0182 625 -182 625-182i 1.58-0.46i 1.64 
14 7 8 0 0 0 0 0 0 0 
15 7 9 0.073 -0.0898 730 -898 730-898i 1.84-2.27i 2.92 
16 9 10 0.0074 0.032 74 320 74+320i 0.18+0.81i 0.83 
17 9 14 0.0188 0.0249 188 249 188+249i 0.47+0.63i 0.78 
18 10 11 0.0073 0.0319 73 319 73+319i 0.18+0.80i 0.82 
19 12 13 0.0175 -0.0055 175 -55 175-55i 0.44-0.14i 0.46 
20 13 14 -0.0185 -0.0243 -185 -243 -185-243i -0.46-0.61i 0.77 
 
 
Table 15 shows the comparison of measured and simulated line current magnitudes of the second 
iteration of load flow, with updated bus voltages.  This gave us a somewhat more accurate 
results, with the measured current entering bus 1 to match with simulated values, and gave some 
closer results at line 4, 5, and 7.  However, many large inaccuracies were still observed. 
Table 16 contains the comparison of measured voltages and the simulated voltages of iteration 1 
and iteration 2 and the percent error.  It is important to note here that in iteration 2, the same 
system voltage to calculate current was used as iteration 1.  This is because it gave us much more 
accurate results and showed an improvement in simulated versus measured results compared to 






Table 15. Comparison of simulated line currents in iteration 1 and iteration 2 and 
the measured values.  The differences are shown in column "%difference" 
Measured Iteration 1 Iteration 2 % difference1 % difference2 
3.36 4.73 3.36 28.96 0.038 
3.056 2.29 1.89 -33.47 -61.69 
0.630 4.40 0.68 85.68 7.99 
1.536 1.60 1.46 3.95 -4.75 
1.193 1.24 0.96 3.76 -23.50 
0.610 4.21 0.68 85.51 10.63 
1.220 1.74 1.25 29.88 2.86 
2.230 2.13 2.88 -4.69 22.62 
1.093 1.45 1.68 24.59 35.08 
3.103 1.86 2.30 -66.8 -34.57 
0.420 0.98 0.81 57.14 48.56 
0.616 0.47 0.46 -31.20 -32.37 
2.163 1.68 1.64 -28.76 -31.32 
0 1.67 0 100.00 0 
2.230 3.28 2.92 32.01 23.85 
0.416 1.00 0.83 58.33 49.86 
0.283 0.89 0.78 68.16 64.11 
0.416 0.99 0.82 57.91 49.68 
0.610 0.46 0.46 -32.60 -31.40 
0.256 0.87 0.77 70.49 66.78 
 
 
Table 16 also compares the differences in recorded and simulated aggregate bus voltages for 
iteration 2.  Comparing with Table 11, where the difference was commonly 4-5%, here it is 
observed that the percent difference is at most 3.19% at bus 8.  The demonstrates an overall 
improvement in the comparison between measured results and simulated values. 
4.3.3 Iteration 2 with Updated Bus Voltages 
 As the system average bus voltages were used in the calculation of line current magnitude 
in the system, it would be advisable to use the updated bus voltage average from iteration 2 in 
the line current calculations.  However, when performed, it is observed that using the updated 
bus voltages results in a greater disparity between the result of the simulation and the measured 
values.  These results are shown in Table 17. 
4.3.4 Voltage Drop Calculations 
 To more accurately calculate the line current magnitudes, this attempt utilized the 
measured bus voltages and line impedances.  We used 
𝑣1∡𝜃1−𝑣2∡𝜃2
𝑧12
       (4.2) 
where v1 and v2 are voltage magnitudes at buses 1 and 2, Ɵ1 and Ɵ2 are bus voltage angles at 
buses 1 and 2, and z12 is the impedance of the line between bus 1 and 2. 
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Table 16.  Comparison of measured voltages against 
iteration 1 and iteration 2 load flow results.  The percent 
errors are also shown between measured and simulated 
for each iteration. 
Measured Sim 1 % diff1 Sim 2 % diff2 
230.66 243.8 5.38 230.66 0.00 
229.63 240.35 4.45 229.63 0.00 
228.73 236.9 3.44 228.735 0.00 
228.93 236.9 3.36 228.92 -0.006 
227.03 238.33 4.73 229.95 1.27 
226.7 239.45 5.325 232.254 2.39 
226.66 239.36 5.30 232.25 2.40 
226.5 241.55 6.23 233.98 3.19 
226.6 240.67 5.84 233.24 2.84 
226.76 238.81 5.04 231.63 2.10 
226.16 236.58 4.40 229.56 1.48 
225.43 236 4.47 228.94 1.53 
226.23 239.04 5.35 231.70 2.36 
 
 
For these calculations, the aggregate measured bus voltages were used for the voltage magnitude, 
the load flow results for bus voltage angles were used, and the calculated line impedances used 
in the load flow were used for line impedance.  The results of these calculations are shown in the 
Table 18. 
Table 19 compares the difference between simulated and measured currents for the three 
iterations of simulations.  The results in Table 19 shows, that across all three methods and 
iterations, that the final method showed a decrease difference in measured verse simulated line 
current magnitude measurements in 9 out of the 20 lines.  However, these differences were still 
large for the most part with the exception of lines 5 and 10. 
4.4 Conclusion 
Large discrepancies were observed between simulated and measured results.  There are 
numerous elements that can contribute to these differences and are explained in this section.  
Although there were slight improvements seen in the accuracy of line current magnitudes after 
adjustment of bus voltages in iteration 2, there were still large errors between simulated currents 
and those measured.  However, an even greater improvement was seen was using the voltage 
over impedance calculations on the system to calculate line currents.  The factors contributing to 
this could be caused by the assumptions made by load flow, not having truly accurate impedance 





Table 17. Line current, Iagg(amps), comparison with addition of iteration 2 with 
corrected bus voltages. 
Measured Iteration 1 Iteration 2 % diff 1 % diff 2 %diff 2 
updated 
voltages 
3.36 4.73 3.36 28.96 0.03 41.62 
3.05 2.29 1.89 -33.47 -61.69 5.58 
0.63 4.40 0.68 85.68 7.99 46.27 
1.53 1.60 1.46 3.95 -4.75 38.82 
1.19 1.24 0.96 3.76 -23.50 27.88 
0.61 4.21 0.68 85.51 10.63 47.81 
1.22 1.74 1.25 29.88 2.86 43.28 
2.23 2.13 2.88 -4.69 22.62 54.81 
1.09 1.45 1.68 24.59 35.08 62.09 
3.10 1.86 2.30 -66.84 -34.57 21.41 
0.42 0.98 0.81 57.14 48.56 69.96 
0.61 0.47 0.46 -31.20 -32.37 22.70 
2.16 1.68 1.64 -28.76 -31.32 23.31 
0 1.67 0 0 0 0 
2.23 3.28 2.92 32.01 23.85 55.53 
0.41 1.00 0.83 58.33 49.86 70.72 
0.28 0.89 0.78 68.16 64.11 79.04 
0.41 0.99 0.82 57.91 49.68 70.61 
0.61 0.46 0.46 -32.60 -31.40 23.26 
0.25 0.87 0.77 70.49 66.78 80.60 
 
 
4.4.1 Load Flow and the Balanced Assumption 
Whichever way classical load flow is performed, from the traditional standpoints of Newton 
Raphson or Gauss- Seidel, there is an assumption of a balanced system.  As shown in our test set 
up, the loads used were not perfectly balanced.  In addition to the loads being unbalanced, any 
slight variation in inductor turns or manufacturing defects in resistors could affect the balance 
between line impedances.   
This is seen in the large variations between current on phases as well differences in line voltages.  
If one phase has higher impedance, this will result in more of a voltage drop between certain 
phases.    It is observed that this voltage imbalance becomes progressively worse the further 
away from the source, as to be expected.  This worsening of line voltage brings down the 
aggregate bus voltage used in simulation, which in turn, will have to increase the current to meet 
the load demand.  This increase in current on a phase changes the aggregate line current as well.  






Table 18. Line currents calculated from the voltage drop on line divided by 
line impedance. 






1 1 2 6.00 3.36 44.08 
2 1 5 2.50 3.05 -21.98 
3 2 3 0.91 0.63 31.24 
4 2 4 1.90 1.53 19.47 
5 2 5 1.25 1.19 5.10 
6 3 4 0.92 0.61 34.10 
7 4 5 2.86 1.22 57.46 
8 5 7 3.00 2.23 25.72 
9 6 9 1.63 1.09 32.92 
10 5 6 3.18 3.10 2.60 
11 6 11 0.50 0.42 16.34 
12 6 12 0.73 0.61 16.21 
13 6 13 2.65 2.16 18.42 
14 7 8 0.00 0 0 
15 7 9 3.25 2.23 31.55 
16 9 10 0.81 0.41 48.84 
17 9 14 0.07 0.28 -298.45 
18 10 11 0.51 0.41 19.29 
19 12 13 0.80 0.61 24.62 
20 13 14 0.18 0.25 -40.53 
 
4.4.2 Line Impedances 
As important as balanced loads are in the power system, balanced line impedances are equally 
important in maintaining symmetry of the system.  Although most of line inductors were tested 
after being wound, deviations in number of turns or spacing between turns could impact this.  
Additionally, if the number of turns deviates between line inductors, this impacts line length and 
line resistance.   
Another issue to consider is how the line inductors are connected.  For ease of access and 
interoperability, inductors were connected using crimp connections.  Although these connections 
provide a much simpler way of attaching and detaching the inductor from the system, the 
connection can also be unstable at times and contribute resistance to the line if it becomes loose.  
Changing these connections to soldered ones will provide better connections but make repairs 
much more difficult in case anything happens to these inductors. 
The design of bus bar and their connections could also contribute to the discrepancies seen in the 
network.  Buses were created using Grainger wire terminal blocks, and each phase was tied to 
similar phases through wire and crimp connectors.  This added additional wire throughout the 
system, possibly doubling line lengths.  These additional segments of wire added additional 
resistance throughout the network at the bus locations.  If not modeled, the sum of the total wire 




Table 19. Comparison of the three different approaches used to calculate line currents 
and their errors from measured values.  The method used in iteration three gives us the 







%diff 1 %diff 2 %diff 3 
3.36 4.73 3.36 6.00 28.96 0.03 44.08 
3.05 2.29 1.89 2.50 -33.47 -61.69 -21.98 
0.63 4.40 0.68 0.91 85.68 7.99 31.248 
       
1.53 1.60 1.46 1.90 3.95 -4.75 19.47 
1.19 1.24 0.96 1.25 3.76 -23.50 5.10 
0.61 4.21 0.68 0.92 85.51 10.63 34.10 
1.22 1.74 1.25 2.86 29.88 2.86 57.46 
2.23 2.13 2.88 3.00 -4.69 22.62 25.72 
1.09 1.45 1.68 1.63 24.59 35.08 32.92 
3.10 1.86 2.30 3.18 -66.84 -34.57 2.60 
0.42 0.98 0.81 0.50 57.14 48.56 16.34 
0.61 0.47 0.46 0.73 -31.20 -32.37 16.21 
2.16 1.68 1.64 2.65 -28.76 -31.32 18.42 
0 1.67 0 0.00 0 0 100 
2.23 3.28 2.92 3.25 32.01 23.85 31.55 
0.41 1.00 0.83 0.81 58.33 49.86 48.84 
0.28 0.89 0.78 0.07 68.16 64.11 -298.45 
0.41 0.99 0.82 0.51 57.91 49.68 19.29 
0.61 0.46 0.46 0.80 -32.60 -31.40 24.62 
0.25 0.87 0.77 0.18 70.49 66.78 -40.53 
 
 
4.4.3 Granularity of Calculations 
 As mentioned in Section 4.2, a system average voltage was used in the calculation of all 
line currents.  It was observed that using the same system voltages in iteration 2 from iteration 1, 
while updating the voltages in the load flow initial guess, lead to much more accurate results 
than updating the line current calculation voltages as well, as shown in Table 14.  Better 




5 Conclusion and Continuing Work 
5.1  Introduction 
From the comparison between measured results and simulated values, a large discrepancy is 
seen. There are few factors that can contribute to these differences.  The largest of which I 
believe is the use of imbalanced loads.  Load flow and its solution assumes that the system has 
balanced, three-phase loads.  Our test set up uses unbalanced loads and is assuming an aggregate 
or average voltage or current on the bus or lines.  In the final chapter, a list of possible work to 
be done on this power system is presented. 
The goal of this work was to build a 14-bus power system.  After construction and testing, 
discrepancies were observed between simulated and measured results.  As this work is 
experimental, there are numerous opportunities for continued work on this project from a 
graduate level or undergraduate level.  These opportunities are outlined in the following sections. 
5.2 Continuing Work 
5.2.1 Safety 
Above all else, safety is critical.  This experiment utilizes voltages of 230 voltages and line 
currents exceeding 4 amps, and testing this should always involve the utmost safety measures.  
Ways to improve safety when using this system include: 
• Installation of recording devices throughout the network.  This would eliminate the need 
for the user to interact directly with the system to take measurements. 
• A protective layer of clear plastic/polycarbon to eliminate flying debris in case of device 
failure. 
5.2.2 Ease of Use 
• Modular type connections for generators and loads to provide the system with “plug and 
play” type compatibility.  This would ease in changing the topology of the circuit and 
make moving generators and loads much faster. 
5.2.3 More Accurately Depicting Power Systems 
• Capacitors can be connected, and a system ground implemented in the system.  
Capacitors are commonly used throughout power systems for power factor improve ment 
and voltage stability.  Capacitors should be added to the network to better model a true 
power system. 
• This system is held at a single voltage.  Power systems commonly use multiple different 
voltages throughout the system.  Addition of transformers to step up or down the voltage 
would also help model a true power system. 
• This system was connected to utility, but the goal is to have generators and forms of 
renewable energies serve as the source.   With generators and renewables integrated, the 
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Appendix A:  IEEE 14-bus Test Data 
The following is taken from Reference 8; an IEEE 14 standards table.  
08/19/93 UW ARCHIVE           100.0  1962 W IEEE 14 Bus Test Case 
BUS DATA FOLLOWS                            14 ITEMS 
   1 Bus 1     HV  1  1  3 1.060    0.0      0.0      0.0    232.4   -16.9     0.0  1.060     0.0     0.0   0.0    
0.0        0 
   2 Bus 2     HV  1  1  2 1.045  -4.98     21.7     12.7     40.0    42.4     0.0  1.045    50.0   -40.0   0.0    
0.0        0 
   3 Bus 3     HV  1  1  2 1.010 -12.72     94.2     19.0      0.0    23.4     0.0  1.010    40.0     0.0   0.0    
0.0        0 
   4 Bus 4     HV  1  1  0 1.019 -10.33     47.8     -3.9      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.0        0 
   5 Bus 5     HV  1  1  0 1.020  -8.78      7.6      1.6      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.0        0 
   6 Bus 6     LV  1  1  2 1.070 -14.22     11.2      7.5      0.0    12.2     0.0  1.070    24.0    -6.0   0.0    
0.0        0 
   7 Bus 7     ZV  1  1  0 1.062 -13.37      0.0      0.0      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.0        0 
   8 Bus 8     TV  1  1  2 1.090 -13.36      0.0      0.0      0.0    17.4     0.0  1.090    24.0    -6.0   0.0    
0.0        0 
   9 Bus 9     LV  1  1  0 1.056 -14.94     29.5     16.6      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.19       0 
  10 Bus 10    LV  1  1  0 1.051 -15.10      9.0      5.8      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.0        0 
  11 Bus 11    LV  1  1  0 1.057 -14.79      3.5      1.8      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.0        0 
  12 Bus 12    LV  1  1  0 1.055 -15.07      6.1      1.6      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.0        0 
  13 Bus 13    LV  1  1  0 1.050 -15.16     13.5      5.8      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.0        0 
  14 Bus 14    LV  1  1  0 1.036 -16.04     14.9      5.0      0.0     0.0     0.0  0.0       0.0     0.0   0.0    
0.0        0 
-999  
BRANCH DATA FOLLOWS                         20 ITEMS 
   1    2  1  1 1 0  0.01938   0.05917     0.0528     0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   1    5  1  1 1 0  0.05403   0.22304     0.0492     0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   2    3  1  1 1 0  0.04699   0.19797     0.0438     0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   2    4  1  1 1 0  0.05811   0.17632     0.0340     0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   2    5  1  1 1 0  0.05695   0.17388     0.0346     0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   3    4  1  1 1 0  0.06701   0.17103     0.0128     0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   4    5  1  1 1 0  0.01335   0.04211     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   4    7  1  1 1 0  0.0       0.20912     0.0        0     0     0    0 0  0.978     0.0 0.0    0.0     0.0    
0.0   0.0 
   4    9  1  1 1 0  0.0       0.55618     0.0        0     0     0    0 0  0.969     0.0 0.0    0.0     0.0    
0.0   0.0 
   5    6  1  1 1 0  0.0       0.25202     0.0        0     0     0    0 0  0.932     0.0 0.0    0.0     0.0    
0.0   0.0 
   6   11  1  1 1 0  0.09498   0.19890     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   6   12  1  1 1 0  0.12291   0.25581     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   6   13  1  1 1 0  0.06615   0.13027     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   7    8  1  1 1 0  0.0       0.17615     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   7    9  1  1 1 0  0.0       0.11001     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   9   10  1  1 1 0  0.03181   0.08450     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
   9   14  1  1 1 0  0.12711   0.27038     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
  10   11  1  1 1 0  0.08205   0.19207     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
  12   13  1  1 1 0  0.22092   0.19988     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    
0.0   0.0 
  13   14  1  1 1 0  0.17093   0.34802     0.0        0     0     0    0 0  0.0       0.0 0.0    0.0     0.0    




Appendix B: Inductor Core Dimensions 
Table B.1 contains the inductor core dimensions as shown in Figure B.1. 
Table B.1 Core dimensions used when 
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Figure B.1 Schematic diagram of the shape of the 
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